The effect of heating rate on the sintering behavior and the piezoelectric properties of lead zirconate titanate (PZT) ceramics was investigated. Two different types of PZT (pure and doped with Nb 2 O 5 ) were sintered at 1150°C for 2 h with a wide range of heating rate (0.5°-100°C/min). The densification of pure PZT was improved significantly by increasing the heating rate. The improvement was attributed to the suppression of PbO volatilization and grain coarsening during heating. In contrast, the densification behavior of a PZT specimen doped with Nb 2 O 5 was not much influenced by the heating rate. These densification behaviors affected the piezoelectric properties of the specimens. The piezoelectric properties of pure PZT were enhanced significantly by increasing the heating rate, while those of doped specimens were improved only moderately.
I. Introduction
L EAD ZIRCONATE TITANATE (PZT) ceramics are known as some of the most useful piezoelectric materials. 1, 2 Their properties are strongly influenced by the density and microstructure, which in turn depend on the synthesis procedure. [3] [4] [5] One of the major obstacles to fabricating reproducible PZT bodies with improved electromechanical properties is the volatilization of PbO during sintering. [5] [6] [7] [8] [9] PbO volatilization hinders the densification process and makes control of the composition of the body difficult. 8 PbO volatilization is most serious when the surface area of a body is high, i.e., during the heating process. Once a body becomes fully dense, the effect of volatilization is minimal. Therefore, if the heating time is curtailed, PbO volatilization is minimized.
Rapid heating is a viable method to improve the densification behavior of PZT by suppressing the volatilization of PbO, as well as grain coarsening, during the heating process. 10 -12 In the present study, we investigated the effect of the heating rate on the densification and microstructural evolution of PZT ceramics. In accordance with this, variations in the piezoelectric properties also were observed and correlated with the microstructures of the specimens. The powders were mixed by ball milling using zirconia balls and ethanol as media. The powder mixture was calcined at 800°C for 2 h after drying in a rotary evaporator. The calcined power was ball-milled one more time to crush agglomerates. The resultant powder was pressed into pellets and sintered in a doubly sealed alumina crucible at 1150°C for 2 h in air. A wide range of heating rates (0.5°-100°C/min) were used. A heating rate of 100°C/min was achieved by inserting sealed specimens into the hot zone of a tube furnace at a controlled speed.
II. Experimental Procedure
The density of the sintered bodies was determined by the Archimedes method. The polished and chemically etched surfaces of selected specimens were examined with a scanning electron microscope (SEM, XL-20, Phillips, Netherlands). A silver paste was applied on the lapped surfaces and fired at 600°C for electrode formation. The electroded specimens were poled in silicone oil at 130°C by applying a dc field of 3 kV/mm for 10 min. The piezoelectric constant was measured using a d 33 meter (Model ZJ-3D, Institute of Acoustics, Beijing, China). The strain of the specimens with respect to the applied field was measured with a noncontact optical displacement sensor (D-20, PHILTEC, Annapolis, MD).
III. Results and Discussion
The heating rate had a significant influence on the sinterability and the microstructure of pure PZT, as shown in Figs. 1(A) and (B). When pure PZT was heated to 1150°C at a heating rate of 0.5°C/min and sintered for 2 h, extensive grain growth occurred as shown in Fig. 1(A) . The large grain size and pores at the grain boundary indicate that grain coarsening occurred extensively during sintering. When the pure specimen was heated to 1150°C at a heating rate of 100°C/min, the sinterability of the specimen was improved, as shown in Fig. 1(B) . The average grain size of the specimen was reduced from 6.6 to 5.6 to 4.9 m as the heating rate increased from 0.5°to 5°to 100°C/min, respectively. Contrary to this, the heating rate had a negligible effect on the densification behavior of PZT doped with Nb 2 O 5 . As shown in Figs. 1(C) and (D), the specimens were highly dense and composed of fine grains regardless of the heating rate. Also the grain size was not much influenced by the heating rate.
The effect of the heating rate on the density of the specimens is shown in Fig. 2 . All of the specimens were sintered at 1150°C for 2 h in air. The density of pure PZT increased markedly by increasing the heating rate. One possible reason for the improvement is the suppression of PbO volatilization during heating. Actually, the weight loss of the specimens was dependent on the heating rate (1.9%, 1.5%, and 1.3% of weight loss with 0.5°, 5°, and 100°C/min, respectively). However, the discrepancy in weight loss was relatively small. In addition, segregation of ZrO 2 as a result of PbO volatilization was not observed. Another possible reason for the improvement is the suppression of grain coarsening.
A shorter duration for the intermediate temperature regime, during which grain coarsening is dominant over densification, generally increases the density of the specimens. In the present case, the improvement in density is attributed to the inhibition of grain coarsening as well as the suppression of PbO volatilization during heating. A similar improvement in density has been observed by other investigators.
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On the other hand, the density of PZT doped with Nb 2 O 5 was higher and not influenced by the heating rate. Improved sinterability of the specimens by addition of Nb 2 O 5 is believed to be a cause for the difference. First, the densification started at temperatures lower than the PbO volatilization temperature. It has been observed that the densification of PZT starts at a temperature as low as 650°C when small amounts of dopants are added. 13 PbO volatilization occurs extensively as the temperature approaches its melting point of 886°C. Therefore, when the dopants are added, the densification proceeds sufficiently before reaching the volatilization temperature of PbO. This result also supports the premise that when the heating rate increases, the grain coarsening process at lower temperature becomes negligible.
The piezoelectric properties reflected the densification behavior of the specimens. The piezoelectric coefficient (d 33 ) of pure PZT increased remarkably by increasing the heating rate as shown in Fig. 3 . The d 33 of the specimens doped with Nb 2 O 5 , which is much higher than that of pure specimens, also increased with the heating rate. However, the degree of improvement was not so high as in the case of pure PZT. The strain and the coercive field of the specimens are shown in Figs. 4(a-d) . When the heating rate increased, the strain of pure PZT increased, while the coercive field remained unchanged, as shown in Figs. 4(a) and (b) . The improvement was again attributed to the enhanced sinterability of the specimens. When the specimen was doped with Nb 2 O 5 , the strain became much higher, as shown in Fig. 4(c) . Interestingly, the coercive field also increased with the addition of Nb 2 O 5 . The remarkable reduction in grain size was presumed to be a main cause for the increase in the coercive field. The strain of doped specimens was also enhanced by increasing the heating rate, as shown in Fig. 4(d) . These results indicate that the piezoelectric properties of PZT are improved by enhancing the densification behavior of the specimens.
IV. Conclusions
The effect of the heating rate on the densification behavior and the piezoelectric properties of PZT ceramics was investigated. The densification behavior of the pure PZT was improved markedly by increasing the heating rate. Suppression of PbO volatilization and rapid bypass of the low temperature regime were attributed to the improvement in sinterability. Contrary to this, the densification behavior of PZT doped with Nb 2 O 5 was not much influenced by the heating rate. Lowering of the sintering temperature by the dopant is deemed to be a direct cause of this difference. The piezoelectric properties reflected the densification behaviors. The d 33 and field-induced strain of pure PZT were improved markedly, while those of doped specimens were improved only moderately by increasing the heating rate. 
